In this paper, we summarize the development and application of two novel magnetic resonance based measurements of retinal oxygenation in experimental models of retinopathy, including diabetic retinopathy and retinopathy of prematurity. We use 19 F-NMR and a small (ml) perfluorocarbon drop positioned in the preretinal vitreous space to make PO 2 measurement of the inner retina. In addition, we use magnetic resonance imaging (MRI) to accurately and non-invasively measure the change in the preretinal PO 2 (DPO 2 ) following the shift from breathing room air to a hyperoxic inhalation challenge. The advantages and disadvantages of each method are discussed. New applications of these techniques in the newborn rat and adult mouse are presented. We expect such studies to motivate future MRI oxygenation studies of human retinopathy, including diabetic retinopathy and retinopathy of prematurity.
Introduction
The pathogenesis of many blinding diseases, such as diabetic retinopathy and retinopathy of prematurity, is thought to be related to hypoxia. It is commonly hypothesized that retinal hypoxia leads to the release of angiogenic factors and eventually to neovascularization. The resulting neovascular growth from the retinal circulation into the vitreous is associated with retinal detachment, vitreous hemorrhage and ultimately blindness. This model forms the basis of common treatment strategies, such as panretinal photocoagulation, vitrectomy, and supplemental oxygen, which are designed to relieve the presumed hypoxia. However, these treatments are often not entirely successful. This may be because factors other than hypoxia can lead to the release of angiogenic factors (Lutty, McLeod, Merges, Diggs, & Plouet, 1996; Amin, Frank, Kennedy, Eliott, Puklin, & Abrams, 1997) . Unfortunately, to-date, it has not been possible to determine directly an exact role of poor oxygenation in the development of neovascularization (vide infra) (Linsenmeier, Braun, McRipley, Padnick, Ahmed, Hatchell, McLeod, & Lutty, 1998) .
Recently, mice and newborn rat models have become available that produce high neovascular incidence with substantial severity (Penn, Tolman, & Lowery, 1993; Smith, Wesolowski, McLellan, Kostyk, D'Amato, Sullivan, & D'Amore, 1994) . The availability of these models may allow us to improve substantially our understanding of the association of poor retinal oxygenation and neovascularization. However, given the relatively small size of the mouse and newborn rat eye, oxygen electrode technology cannot readily be used in these animals. This concern, and that above, has motivated the development of new methods for measuring retinal oxygenation in small rodents and humans. In this paper, we describe our research in the development and application of two novel magnetic resonance methods for noninvasively measuring retinal oxygenation.
Why use magnetic resonance methods
Traditionally, retinal oxygen levels have been measured using polarigraphic or fiberoptic oxygen probes (Linsenmeier, 1986; Stefansson, Peterson, & Wang, 1989) . This has been an extremely productive and important approach to understanding the role of oxygen in normal and pathologic retinal physiology. However, it has several limitations, many of which stem from the fact that the oxygen probe is highly invasive. First, this approach is not generally applicable to humans and has only been used during vitreo-retinal surgery (Sakaue, Tsukahara, Negi, Ogino, & Honda, 1987; Stefansson, Machemer, de Juan, McCuen, & Peterson, 1992) . Second, in experimental studies, oxygen tension measurements are often made at only one time point and sample a small fraction of the total retina. Thus, for measurements of the temporal evolution of retinal oxygenation with disease, the number of animals that must be studied to obtain statistical significance is substantially increased. Third, a clear optical medium is needed for positioning of the probe and this limits when measurements can be made during the disease process (e.g. before cataract formation). Fourth, the relatively large size of the oxygen probes prevents them from being applied to study the retina in small animals such as transgenic mice or newborn rats.
Because it is non-invasive, magnetic resonance methods can address many of these problems. We have developed two magnetic resonance (MR)-based methods that measure retinal oxygenation in a wide range of species including newborn rats, mice, and humans. These MR methods also allow each subject to act as its own control. This substantially decreases the number of animals that need to be studied. In addition, the magnetic resonance imaging (MRI)-based method can simultaneously survey the entire two-dimensional retinal surface and is not affected by media opacities, such as cataracts.
Method
Our MR oxygen measurements are made in the preretinal vitreous space since inner retinal and preretinal vitreous oxygen tensions mirror each other (Linsenmeier, Goldstick, Blum, & Enroth-Cugell, 1981) . In addition, the spin-lattice relaxation rate (T 1 ) − 1 of spin 1/2 nuclides (e.g. proton or fluorine) is linearly related to the concentration of the paramagnetic oxygen, among other factors (Parhaml & Fung, 1982) . Thus, by minimizing or correcting for the contribution of the other factors that can effect (T 1 ) − 1 we obtain an accurate measure of inner retinal oxygen tension. For the experimental studies we have used a 4.7 T MR system (Bruker or GE).
Inner retinal PO 2 measurements
In this method, we measure the fluorine (T 1 ) − 1 from a small perfluorocarbon (PFC) droplet, such as perfluorotributylamine (FTBA), placed on the surface of the retina Wilson, Berkowitz, McCuen, & Charles, 1992; Wilson, Benner, Berkowitz, Chapman, & Peshock, 1994; Berkowitz, Handa, & Wilson, 1992; Handa et al., 1996; Funatsu, Wilson, Berkowitz, & Sonkin, 1997) . PFC liquids are currently in use as vitreous substitutes, among other applications, because they are non-toxic, have a favorable refractive index and a density approximately twice that of water (Berkowitz, Wilson, Hatchell, & London, 1991) . Perhaps the most remarkable property of PFC liquids is that they dissolve roughly an order of magnitude more oxygen than water under similar conditions. This makes their (T 1 ) − 1 , measured by 19 F-NMR, more sensitive to the oxygen tension than that of water . In addition, the only factor other than oxygen that affects the (T 1 )
− 1 of a non-flowing PFC liquid is temperature . We have shown that the 19 F NMR chemical shift of FTBA provides a measure of temperature that is independent of PO 2 ) By correcting for temperature differences between the calibration conditions and those in vivo, a more accurate and precise measurement of inner retinal oxygen tension is achieved. Indeed, we find good agreement between the NMR-determined inner retinal PO 2 and that determined using an oxygen electrode under similar conditions .
Inner retinal ZPO 2 measurements
Instead of using 19 F-NMR to measure the (T 1 )
− 1 directly, as discussed above, we can use proton MRI to collect a T 1 weighted image of the water in the eye. Unlike PFCs, many factors affect the preretinal vitreous water signal and its T 1 . Thus, a T 1 weighted image of the eye cannot provide room air oxygen tension directly. Nonetheless, we can use the T 1 weighted image to measure how much the preretinal vitreous water signal intensity changes between room air and a hyperoxic inhalation challenge (e.g. 100% oxygen or carbogen (95% O 2 :5% CO 2 )) (Berkowitz, 1996 (Berkowitz, , 1997 Berkowitz & Penn, 1998; Berkowitz & Wilson, 1995; Berkowitz et al., 1999) . We have shown that the resulting signal intensity change provides a measure of the inner retinal oxygenation response (DPO 2 ) that is in good agreement with that determined using an oxygen electrode under similar conditions (Berkowitz, 1996) . If the inner retina is hypoxic because of an inadequate supply of oxygen (e.g. it is poorly perfused), the change in oxygen tension during the challenge is unlikely to be normal (Berkowitz and Penn, 1998; Berkowitz et al., 1999) .
Results

Inner retinal PO 2 measurements
We have used 19 F-NMR of FTBA to measure retinal oxygen tension in a variety of applications (Table 1) . (Funatsu et al., 1997) Effect of hypercapnia (Berkowitz, 1996) Proliferative vitreoretinopathy (Handa et al., 1996) retinopathy of prematurity (Berkowitz & Penn, 1998; Berkowitz et al., 1999) . It is commonly assumed that poor oxygenation of a6ascular retina plays a major role in the development of retinal neovascularization. Thus, it is surprising to find that poor oxygenation of 6ascular retina is also strongly associated with pathology and may suggest new therapeutic strategies for the treatment of diabetic retinopathy and retinopathy of prematurity.
Discussion
Inner retinal PO 2 measurements
A major advantage of this method is that a perfluorocarbon droplet can be placed in eyes that would otherwise be difficult to study with an oxygen probe. For example, the newborn rat is a popular model for studying retinal neovascularization. However, traditional oxygen probes cannot be used in the newborn rat, given its small ocular diameter (about 3 mm) and fragile systemic physiology. We can now routinely inject a small droplet of PFC into the vitreous space near the retina in newborn rat eyes. For example, Fig. 1 shows a 0.3 ml droplet on the retina of a 20 g newborn rat. From such droplets, we are measuring inner retinal oxygen tension and temperature before and during retinal neovascularization in the newborn rat ROP model. In addition, we have measured the human retinal oxygen level in a patient following vitrectomy and PFC tamponade .
For example, we measured the temporal evolution of the inner retinal oxygen level using an FTBA droplet in the rabbit proliferative vitreoretinopathy model, and found evidence for hypoxia before the appearance of neovascularization (Handa et al., 1996) . This result is somewhat surprising since in this rabbit model the neovascularization is generally considered to arise from inflammatory factors.
Inner retinal ZPO 2 measurements
Work is going on in our laboratory to determine if a subnormal DPO 2 is a surrogate measure of retinal hypoxia. As summarized in Table 1 , we have measured retinal oxygenation response in a variety of applications. Our major finding to-date is that the oxygenation response is subnormal from histologically normal retinal circulation before the appearance of pathology in experimental models of diabetic retinopathy and applicable than the PFC approach discussed above. For example, the mouse has a relatively large lens and small ocular diameter. This combination makes injection of a perfluorocarbon droplet onto the retina particularly difficult. Nonetheless, representative MRI data from an adult mouse can be readily acquired (Figs. 2 and 3 ). In addition, this MRI method will likely also be applicable to noninvasively measure human retinal oxygenation response and this is an active area of study in our lab.
Conclusion
MR oxygenation measurements appear to offer considerable advantages in the prognosis, diagnosis, and treatment of retinopathy. The majority of current lightbased and electrode techniques measure from a limited spatial area of retina and are hindered by media opacities like cataracts and, in some cases, by eye size in animal studies. In contrast, MR techniques can provide simultaneous structural and functional information panretinally (in the case of MRI) and the measurements are not limited by media opacities or eye size. Thus, MRI facilitates translational studies between animal models of retinopathy and human disease.
These results, with their high clinical potential, is expected to motivate future exploration of MRI oxygenation measurements of human retinopathy and its
The major disadvantage of this approach is that it requires the presence of a perfluorocarbon droplet in the preretinal vitreous space. Thus, it is not ethically feasible for routine measurement of retinal oxygen tensions in humans. Nonetheless, our data strongly suggest that 19 F-NMR of perfluorocarbon droplets are a powerful approach for studying retinal oxygen tension in experimental models of retinopathy.
Inner retinal ZPO 2 measurements
The major advantage of this method is that it is noninvasive and therefore, more likely to be generally Fig. 3 . Average DPO 2 band derived from two mice during a 2 min carbogen challenge was overlaid on a representative FITC-dextran infused flat mount using a previously described method (Berkowitz & Penn, 1998) . The median panretinal DPO 2 was 102 mmHg. Pixels from the superior portion of the retina are at the top of the figure. The longer white tick mark in the center of each band represents the posterior pole near the optic nerve; the shorter tick marks represent 0.5-mm increments along the retinal surface. association with angiogenic ocular diseases in humans, including diabetic retinopathy and retinopathy of prematurity.
